Abstract: Polyhedral oligomeric silsesquioxanes (POSSs) with nano-size cage structures have been conventionally incorporated into polymers to improve the polymers' physical properties. In this work, POSS films formed by using POSS nanomaterials with different thermal treatments have been implemented as liquid crystal (LC) alignment films instead of using conventional polyimide alignment films adopted in the LC displays industry. The homeotropic alignment of LCs anchored on POSS films was observed. The morphology and surface energy of POSS films were measured to study their effects on LC orientation anchored on the POSS films.
Introduction
The technique of controlling liquid crystal (LC) molecules is crucial for liquid crystal devices (LCDs) in that a uniform LC alignment can be obtained and the performance of LCDs can be improved. The alignment mechanisms of LC molecules on surfaces have been attracting great interest for fundamental research and industrial applications. The approach for producing homogeneous (planar) and homeotropic (vertical) alignment using polyimide (PI) films is well established in the LCD industry. In recent years, nanoparticle-doped LCDs have been widely investigated in efforts to change the electro-optical properties [1] . Spontaneous homeotropic alignment of LCs was observed by adding polyhedral oligomeric silsesquioxane (POSS) nanomaterials in the LC layer [2, 3] . The developed technique of POSS-induced homeotropic alignment has been shown to have many applications in LCDs, such as flexible LCDs [4] , the pretilt angle control and stabilization of LCs [5, 6] and dual LC alignment [7, 8] . POSSs are silica-based nanocomposites with nano-size cage structures. As shown in Figure 1 , each POSS contains reactive functional groups for polymerization and nonreactive functional groups for solubility in the different polymer systems [9] . POSS nanomaterials have been widely incorporated into different molecules to change those molecules' physical and chemical properties in efforts to produce different functional materials [10] [11] [12] [13] [14] [15] [16] .
Instead of doping a specific type of POSS in the LC layer, as done in our previous works [2, 3] , POSS nanomaterials with various polar functional groups, employing different thermal treatments for producing POSS films, were applied as LC alignment films in this work. Our developed PI-less technique, applied to generate homeotropic alignment, is based on doping POSS nanomaterials in the LC layer [2, 3] . However, the dispersion of POSS nanomaterials in the LC layer is not easy to control, and POSS aggregation is easily formed in the LC layer; therefore, some scattering is produced around the POSS aggregation, which reduces the contrast of LCDs. The aggregation issue may be overcome by complicated chemical synthesis, such as using cyanobiphenyl monosubstituted POSS giant molecules [13] ; but the proposed method in this work presents an alternative. The influences of the POSS functional group and the morphology of the POSS alignment film on the properties of LC alignment were investigated. Compared with PI films, which require a high temperature process (~220 °C), POSS films, due to the low temperature process of fabricating POSS alignment films (≤130 °C), can be used more feasibly to align LC in flexible LCDs, as they use plastic substrates, such as those made of polyethylene terephthalate (PET), that have a low glass transition temperature. 
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POSS
nanomaterials, aminoethyl-aminopropylisobutyl-POSS (POSS A), transcyclohexanediolisobutyl-POSS (POSS B), and 1,2-propanediolisobutyl-POSS (POSS C), were all purchased from Sigma-Aldrich (St. Louis, MO, USA) and used in the experiment without further treatment and purification. Their chemical structures and properties are shown in Figure 2 and listed in Table 1 , respectively [17] . They all have the same cage structure but have different functional groups. To prepare the POSS alignment films, POSS nanomaterials were mixed with 1-butanol solvent at 0.8 wt % to form a mixture using an ultrasonic cleaner for 2 h. The mixture was then spread across an ITO glass substrate by spinning at ~1000 rpm for 20 s, and the ITO glass was then spun at a higher speed at ~3000 rpm for 10 s. Two manufacturing processes were applied to obtain the POSS alignment films. In Process I, the mixture was spin-coated onto a cleaned ITO glass substrate and baked at 80 °C for 2 min by a hot plate to evaporate the solvent. In Process II, the POSS film produced by Process I was further baked at 130 °C in an oven, which is above the melting point of POSS, for 2 h. The as-prepared POSS films were not buffed as are conventional PI alignment films. The antiparallel LC test cells were fabricated using the POSS alignment films produced by these two processes, with a cell gap of ~9 μm maintained by spacers. The LC (MLC-6882, k33 = 12.8 × 10 −12 N, Δε = −3.1, Δn = 0.098, Tc = 69.2 °C, Merck, Darmstadt, Germany) was capillary-injected into the LC cell at room temperature. It is noted that the change of Tc is within 1 °C for the LC cells with the proposed POSS alignment films. 
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For surface energy calculation by the Owens-Wendt method,
where γ L is the surface energy of the test liquid, θ is the contact angle between the tested surface and the test liquid, and γ d L and γ (1) and the surface energy of the solid film γ S is determined. It is noted that the surface energy of a solid film is not an exact value. The surface energy depends on the applied methodology, the standard liquids, and the theoretical model. Once the methodology is known, the surface energy of a solid film can be reproduced.
An atomic force microscope (AFM) was used to study the morphology of the POSS films. A polarizing optical microscope (POM) was used to observe the texture of the LC cells. The voltage-dependent optical transmittance of LC cells placed between crossed polarizers was measured using a diode laser (~635 nm), and the applied voltage was a 1 kHz square wave. The pretilt angles of the LC cells were measured by the modified crystal rotation method [19] , and the polar anchoring energy of the POSS alignment films was measured by using the high electric field method [20] , where a heterodyne interferometer was used to determine phase retardation [21] .
Results and Discussion
The morphology photos of the POSS films observed via AFM are shown in Figures 3 and 4 for Process I and Process II, respectively. By using Process I, POSS A formed a denser film with clusters 40 nm in height compared with the films of POSS B formed with clusters~70 nm in height and of POSS C formed with clusters~120 nm in height, as shown in Figure 3 . This may indicate that the polar functional group of POSS nanomaterials plays an important role in the morphology of POSS films. By using Process II, we found that all POSS films form denser and smoother clusters than they do in Process I, as shown in Figure 4 . By annealing the POSS films above the melting point, the LC molecules become aligned with the continuous POSS film rather than the alignment with POSS nanomaterials/clusters. The roughness of the POSS films is greatly reduced with the melting treatment of Process II, as shown in Table 2 . The surface energy is expected to change, as shown later. The photographs of the LC cells observed with a POM are shown in Figures 5 and 6 , which show the POSS alignment films prepared by Process I and Process II, respectively. Most LC cells, except for those of the POSS A film prepared by Process I, exhibited a good dark image (homeotropic alignment) in the voltage-off state. It was also observed that the LC cells can improve the dark state with the melting treatment of Process II, as seen by comparing the results shown in Figure 5b ,c with results shown in Figure 6b ,c. The LC cell with the POSS A film also becomes homeotropically aligned after the melting treatment as shown in Figure 6a . The semi-empirical rule called Friedel-CreaghKmetz (FCK) rule can be used to partially explain the mechanism of POSS-induced homeotropic alignment [22] . The FCK rule states that γS < γLC-homeotropic alignment γS > γLC-homogenous alignment where γS describes the surface tension of the solid alignment film, and γLC is the surface tension of the LC. The LC molecules prefer to align perpendicularly to the solid film when the surface energy of the film is relatively low and the inter-molecular interaction of LC molecules is stronger than the interaction across the interface. The FCK rule has been widely supported by experimental data [22, 23] . The contact angles and the calculated surface energy of the various POSS films, ITO glass substrates, and the commercial homeotropic (AL60101, JSR Corp. Tokyo, Japan) and homogeneous PI (AL-58, Daily Polymer Corp. Kaohsiung, Taiwan) films are summarized in Table 3 . The alignment properties and FCK rule satisfaction of POSS films are also indicated in Table 3 . As shown in Table  3 , some of the POSS alignment films have surface energy values that are similar to those of the homeotropic PI and surface energies that are lower than those of the homogenous PI, as is expected in light of the FCK rule. The POSS films with homeotropic alignment fabricated by Process I, POSS B and POSS C, have surface energies similar to those of the homogeneous PI film, which cannot be explained by the FCK rule. The alignment of LC is known to be influenced by LC elastic constants and the surface morphology of the alignment films. A nematic liquid crystal that was vertically aligned on an anodic porous alumina (Al2O3) film has been reported [24, 25] although it showed a higher surface energy compared with a homogenous PI [24] . The authors believed that, even if the LC director may prefer to align parallel to the surface of porous alumina films according to the FCK rule, the LCs of the bulk align homeotropically due to the smaller distortion energy of the vertical The photographs of the LC cells observed with a POM are shown in Figures 5 and 6 , which show the POSS alignment films prepared by Process I and Process II, respectively. Most LC cells, except for those of the POSS A film prepared by Process I, exhibited a good dark image (homeotropic alignment) in the voltage-off state. It was also observed that the LC cells can improve the dark state with the melting treatment of Process II, as seen by comparing the results shown in Figure 5b ,c with results shown in Figure 6b ,c. The LC cell with the POSS A film also becomes homeotropically aligned after the melting treatment as shown in Figure 6a . The semi-empirical rule called Friedel-CreaghKmetz (FCK) rule can be used to partially explain the mechanism of POSS-induced homeotropic alignment [22] . The FCK rule states that γS < γLC-homeotropic alignment γS > γLC-homogenous alignment where γS describes the surface tension of the solid alignment film, and γLC is the surface tension of the LC. The LC molecules prefer to align perpendicularly to the solid film when the surface energy of the film is relatively low and the inter-molecular interaction of LC molecules is stronger than the interaction across the interface. The FCK rule has been widely supported by experimental data [22, 23] . The contact angles and the calculated surface energy of the various POSS films, ITO glass substrates, and the commercial homeotropic (AL60101, JSR Corp. Tokyo, Japan) and homogeneous PI (AL-58, Daily Polymer Corp. Kaohsiung, Taiwan) films are summarized in Table 3 . The alignment properties and FCK rule satisfaction of POSS films are also indicated in Table 3 . As shown in Table  3 , some of the POSS alignment films have surface energy values that are similar to those of the homeotropic PI and surface energies that are lower than those of the homogenous PI, as is expected in light of the FCK rule. The POSS films with homeotropic alignment fabricated by Process I, POSS B and POSS C, have surface energies similar to those of the homogeneous PI film, which cannot be explained by the FCK rule. The alignment of LC is known to be influenced by LC elastic constants and the surface morphology of the alignment films. A nematic liquid crystal that was vertically aligned on an anodic porous alumina (Al2O3) film has been reported [24, 25] although it showed a higher surface energy compared with a homogenous PI [24] . The authors believed that, even if the LC director may prefer to align parallel to the surface of porous alumina films according to the FCK rule, the LCs of the bulk align homeotropically due to the smaller distortion energy of the vertical The photographs of the LC cells observed with a POM are shown in Figures 5 and 6 , which show the POSS alignment films prepared by Process I and Process II, respectively. Most LC cells, except for those of the POSS A film prepared by Process I, exhibited a good dark image (homeotropic alignment) in the voltage-off state. It was also observed that the LC cells can improve the dark state with the melting treatment of Process II, as seen by comparing the results shown in Figure 5b ,c with results shown in Figure 6b ,c. The LC cell with the POSS A film also becomes homeotropically aligned after the melting treatment as shown in Figure 6a . The semi-empirical rule called Friedel-Creagh-Kmetz (FCK) rule can be used to partially explain the mechanism of POSS-induced homeotropic alignment [22] . The FCK rule states that γ S < γ LC -homeotropic alignment γ S > γ LC -homogenous alignment where γ S describes the surface tension of the solid alignment film, and γ LC is the surface tension of the LC. The LC molecules prefer to align perpendicularly to the solid film when the surface energy of the film is relatively low and the inter-molecular interaction of LC molecules is stronger than the interaction across the interface. The FCK rule has been widely supported by experimental data [22, 23] . The contact angles and the calculated surface energy of the various POSS films, ITO glass substrates, and the commercial homeotropic (AL60101, JSR Corp. Tokyo, Japan) and homogeneous PI (AL-58, Daily Polymer Corp. Kaohsiung, Taiwan) films are summarized in Table 3 . The alignment properties and FCK rule satisfaction of POSS films are also indicated in Table 3 . As shown in Table 3 , some of the POSS alignment films have surface energy values that are similar to those of the homeotropic PI and surface energies that are lower than those of the homogenous PI, as is expected in light of the FCK rule. The POSS films with homeotropic alignment fabricated by Process I, POSS B and POSS C, have surface energies similar to those of the homogeneous PI film, which cannot be explained by the FCK rule. The alignment of LC is known to be influenced by LC elastic constants and the surface morphology of the alignment films. A nematic liquid crystal that was vertically aligned on an anodic porous alumina (Al 2 O 3 ) film has been reported [24, 25] although it showed a higher surface energy compared with a homogenous PI [24] . The authors believed that, even if the LC director may prefer to align parallel to the surface of porous alumina films according to the FCK rule, the LCs of the bulk align homeotropically due to the smaller distortion energy of the vertical orientation, as opposed to the parallel orientation, with respect to the films, [24] . As shown in Figures 3 and 4 , the clusters of the POSS films may have an influence on the LC molecules that is similar to that of the porous alumina films. The influence of the homeotropically aligned nematic LC on the POSS films can then be expected by the same mechanism. The voltage-dependent transmittance properties of LC cells with POSS films fabricated by Process I and Process II are shown in Figures 7 and 8 , respectively. The threshold voltage of each POSS-induced homeotropic alignment LC cell is close to 2.2 V, which agrees with the theoretical value [26] . LC molecules are aligned with the electric field, and the disclination lines are generated due to non-buffed alignment films, as the voltage is greater than the threshold voltage as shown in Figure 5 . The transmittance values of LC cells fabricated by Process I reach about 30%, as shown in Figure 7 . However, the transmittance of LC cells fabricated by Process II can reach ~70% as shown in The voltage-dependent transmittance properties of LC cells with POSS films fabricated by Process I and Process II are shown in Figures 7 and 8 , respectively. The threshold voltage of each POSS-induced homeotropic alignment LC cell is close to 2.2 V, which agrees with the theoretical value [26] . LC molecules are aligned with the electric field, and the disclination lines are generated due to non-buffed alignment films, as the voltage is greater than the threshold voltage as shown in Figure 5 . The transmittance values of LC cells fabricated by Process I reach about 30%, as shown in Figure 7 . However, the transmittance of LC cells fabricated by Process II can reach ~70% as shown in The voltage-dependent transmittance properties of LC cells with POSS films fabricated by Process I and Process II are shown in Figures 7 and 8 , respectively. The threshold voltage of each POSS-induced homeotropic alignment LC cell is close to 2.2 V, which agrees with the theoretical value [26] . LC molecules are aligned with the electric field, and the disclination lines are generated due to non-buffed alignment films, as the voltage is greater than the threshold voltage as shown in Figure 5 . The transmittance values of LC cells fabricated by Process I reach about 30%, as shown in Figure 7 . However, the transmittance of LC cells fabricated by Process II can reach~70% as shown in Figure 8 although LC cells have not been treated with the rubbing process. No disclination lines are observed in those LC cell as shown in Figure 6 . The improvement in LC alignment after melting treatment may be explained by the change in the surface roughness of the POSS films, which influences the interaction between the anisotropic elastic properties of LC and the morphology of the POSS alignment layer. The mechanism of the observed rubbing-like alignment for the POSS films with the melting treatment is still an open question and deserves further study in the future. The alignment properties of POSS alignment films are also influenced by the pretilt angle and the anchoring energy. The pretilt angle and the polar anchoring energy of POSS alignment films with the melting treatment of Process II are summarized in Table 4 . The pretilt angle is around 89°, and the polar anchoring energy density is about 1.3 × 10 −4 J/m 2 , regardless of the types of POSS nanomaterials. Kumar et al. have found that the anisotropy in the surface morphology of an alignment film on a submicron length scale plays a defining role in determining the LC alignment direction, and the anchoring energy primarily depends on chemical interactions between the LC and the alignment layer [27] . Our results shown in Table 4 may suggest that a similar value of the polar anchoring energy measured with the different POSS films may be due to their identical cage structures interacting with LC molecules. The alignment properties of POSS alignment films are also influenced by the pretilt angle and the anchoring energy. The pretilt angle and the polar anchoring energy of POSS alignment films with the melting treatment of Process II are summarized in Table 4 . The pretilt angle is around 89°, and the polar anchoring energy density is about 1.3 × 10 −4 J/m 2 , regardless of the types of POSS nanomaterials. Kumar et al. have found that the anisotropy in the surface morphology of an alignment film on a submicron length scale plays a defining role in determining the LC alignment direction, and the anchoring energy primarily depends on chemical interactions between the LC and the alignment layer [27] . Our results shown in Table 4 may suggest that a similar value of the polar anchoring energy measured with the different POSS films may be due to their identical cage structures interacting with LC molecules. The alignment properties of POSS alignment films are also influenced by the pretilt angle and the anchoring energy. The pretilt angle and the polar anchoring energy of POSS alignment films with the melting treatment of Process II are summarized in Table 4 . The pretilt angle is around 89 • , and the polar anchoring energy density is about 1.3 × 10 −4 J/m 2 , regardless of the types of POSS nanomaterials. Kumar et al. have found that the anisotropy in the surface morphology of an alignment film on a submicron length scale plays a defining role in determining the LC alignment direction, and the anchoring energy primarily depends on chemical interactions between the LC and the alignment layer [27] . Our results shown in Table 4 may suggest that a similar value of the polar anchoring energy measured with the different POSS films may be due to their identical cage structures interacting with LC molecules. 
Conclusions
By using POSS nanomaterials with various functional groups as LC alignment films, we successfully demonstrated the homeotropic alignment of LC cells. The dark states and the transmittance of bright states of LC cells were improved after the melting treatment of POSS films. The POSS films showed similar alignment properties, as they all had identical cage structures. The proposed POSS alignment films are also suitable for the future development of flexible LCDs using plastic substrates requiring a low temperature process.
